Several technologies for energy saving and storage rely on ion exchange between electrodes and electrolytes. In amorphous electrode materials, detailed knowledge of Li-ion intercalation is hampered by limited information on the structure and transport properties of the materials.
INTRODUCTION
Intercalation and de-intercalation of lithium ions in amorphous oxides has been extensively studied because of the manifold applications of these materials in energy-storage and energysaving devices such as rechargeable lithium-ion batteries [1] [2] [3] [4] and electrochromic (EC)
windows. [5] [6] [7] [8] In EC devices, optically transparent WO 3 can switch reversibly between dark blue and transparent states under the action of a small potential which induces ion insertion or extraction. 7, 9 This property renders thin films of WO 3 of keen interest for "smart windows", which have a great potential for controlling solar heat gain and daylighting in energy-efficient buildings. [10] [11] [12] Coloration takes place upon Li-ion intercalation into the WO 3 structure along with insertion of charge-compensating electrons from the outer circuit, thereby shifting the position of the Fermi level into the conduction band in the electronic density of states of WO 3 , 13,14 whereas bleaching is due to the return of the Fermi level to the band gap by electron extraction. Ideally, this Fermi level shift is completely reversible so that the EC device can operate indefinitely without performance degradation. However, inability to extract all of the intercalated ions during a single electrochemical cycle leads to pronounced ion accumulation in the host after many cycles 15, 16 thus degrading electrochemical reversibility and optical modulation span. 9, [17] [18] [19] [20] [21] through a galvanostatic de-trapping process and, importantly from a practical perspective, degraded WO 3 films can be rejuvenated and regain their EC performance. 18 Unlike the case of crystalline materials whose accessible intercalation sites are known for a given crystal structure, 7, 24, 25 amorphous materials exhibit complex intercalation processes associated with structural disorder and in amorphous WO 3 , which is the topic of our present work, this disorder prevails throughout the intercalation process. The amorphous structures may contain dangling bonds 26 as well as irregular atomic coordination polyhedra. The intercalation in amorphous WO 3 involves a very wide energy distribution, 27 rather than distinct intercalation energies as in the crystalline structure, where these energies are associated with phase transitions. 24 Hence amorphous structures and trapping of intercalated ions make it natural to consider energetic inhomogeneity of the host matrix. 22, 27, 28 In this paper, we explore the energetic disorder in WO 3 with regard to various traps in the intercalated material by in situ electro-optical monitoring. We find three main types of traps in amorphous EC WO 3 : (i) shallow traps which only degrade the colored state, (ii) deep traps which significantly degrade the bleached state, and (iii) irreversible traps for permanently immobilized ions. Furthermore we propose interpretations for our experimental observations. Importantly, we identify shallow and deep traps by a potentiostatic de-trapping technique rather than galvanostatically as before. 6, 12, 14 (We note that the nomenclature in this paper is somewhat different from the one in earlier work of ours 9 in order to permit a more elaborate description of the observed phenomena.)
EXPERIMENTAL SECTION
Reactive direct current magnetron sputtering was used to deposit WO 3 thin films in a coating system based on a Balzers UTT 400 unit. Glass plates were pre-coated with In 2 O 3 :Sn (ITO, 60 Ω per square) and used as substrates. The target was a 5-cm-diameter plate of metallic tungsten with a purity of 99.95%. The sputtering chamber was first pumped to ∼6×10 -5 Pa, and pre-sputtering took place in an atmosphere of argon (99.998%) and oxygen (99.998%) for a few minutes to ensure purity of the subsequently prepared samples. Film uniformity was accomplished by substrate rotation, and no heating was used during the whole deposition process. The O 2 /Ar gas-flow ratio and the sputtering power were set at constant values of 13%
and 200 W, respectively, and the pressure in the chamber was maintained at ∼4 Pa during thin film deposition in order to create a porous structure. The WO 3 films were found to be x-ray amorphous. Their thicknesses were 300 ± 10 nm as determined by surface profilometry using a DektakXT instrument. In situ optical transmittance was measured in the range of visible light (400-800 nm wavelength interval) during the electrochemical operations by the use of a fiber-optical instrument from Ocean Optics. The electrochemical cell was positioned between a tungsten halogen lamp and the detector, and the 100-%-level was taken as the transmittance recorded before immersion of the sample in the electrolyte.
RESULTS AND DISCUSSION
The voltammetric experiment commenced with a commonly used potential range for amorphous WO 3 In our previous study, 9 degraded WO 3 thin films were rejuvenated by galvanostatic detrapping. The potential then increased to ~5.5 V during the first few minutes, and it remained at this value until the end of the experiment after 20 h. Here, we instead apply a constant potential of 5.5 V for 20 h to refresh the degraded WO 3 film. As indicated by the blue (Lshaped) curve in Figure 1c , the current density drops very rapidly and then attains an almost constant value for the rest of the potentiostatic experiment. Integrating the current, we obtain a charge density of ~11 mC cm -2 after subtraction of a constant background, clearly observed at long times, which we associate with parasitic electrochemical processes such as electrolyte degradation. 9, 29 This charge density is of the same order of magnitude as the difference in charge capacity between the first and 500 th CV cycle in Figure 1a . As for galvanostatic detrapping, 9 the optical transmittance was unaltered during the whole de-trapping process whereas the OCP increased from ~2.9 to ~3.5 V. CV cycling was conducted after the potentiostatic de-trapping and showed that the initial EC performance was regained ( Figure   1c ). The overlapping spectral transmittance data (Figure 1d ) for films in as-deposited and detrapped conditions confirm the elimination of the ion-trapping-induced EC degradation.
Efficient Li-ion intercalation can be achieved when the scan rate is very low, i.e., 0.1 mV s -1 .
Clearly the intercalation of Li ions into amorphous WO 3 takes places over a broad potential range (i.e., large energy distribution), and the absence of distinct features indicates solidsolution behavior between WO 3 and Li x WO 3 ( Figure S1 ), which is similar to Li-ion intercalation into amorphous TiO 2 . 2 As shown by x-ray diffraction applied to the film reported on in Figure S1 , any structural rearrangements during the intercalation process must take place within the amorphous state ( Figure S2 ). To test whether the severely degraded WO 3 film can be refreshed by potentiostatic detrapping, a constant potential of 5.5 V was applied during a 20-h period after the electrochemical cycling, as elaborated in Figure 3c . The optical transmittance increased somewhat at the inception of the de-trapping process, and the transmittance then maintained approximately the same value until a conspicuous abrupt increase to the initial optical transmittance took place after ~2.5 h and signaled successful de-trapping of Li ions from deep traps. Current density evolution during potentiostatic de-trapping is presented by the blue curve in Figure 3c , which demonstrates that a distinct peak in the current density concurs with the sharp onset of high optical transmittance. It therefore appears that an energy barrier has to be overcome in order to liberate the ions from the deep traps; this is distinctly different from the case of the shallow traps discussed above.
After completion of the de-trapping process, the initial optical transmittance was recovered except for a minor difference at short wavelengths ( Figure 3e gives a detailed comparison of the current density evolution during potentiostatic de-trapping of WO 3 films cycled in the two potential ranges; the effect of de-trapping from deep traps can be clearly distinguished as a peak whereas de-trapping from shallow traps proceeds as a continuous process. The integrated current corresponds to a charge density of ~72 mC cm -2 after subtraction of a constant background due to electrolyte degradation. 9, 29 This charge release agrees well with the charge that was trapped during the initial 20 CV cycles.
Some complementary studies on the effects of ion trapping and de-trapping were performed galvanostatically and are presented in Figure S4 , where we show the EC performance of a WO 3 film prior to the abrupt onset of optical transmittance. As before, we ran 10 CV cycles These peaks concurred with the abrupt increases in bleached state transmittance as seen in Figure 4b .
The appearance of distinct peaks in the current density indicates that the kinetics of the process is limited by removal of ions from deep traps. Assuming a thermally activated process, the release frequency f p ≈ 1/t p can be written as
where t p is the time from the beginning of the de-trapping experiment to the occurrence of the peak, ν 0 is taken to be a characteristic Li-O vibrational frequency (~8 × 10 The current peaks are superimposed on a continuously decreasing background similar to the one observed for samples degraded by CV cycling between 2 and 4 V (Figure 1c) , and we argued above that this component is due to release of ions from shallow traps. This situation can be analyzed as outlined by Montella, 31 who has made a detailed theoretical study of current transients governed by combined effects of diffusion and reaction kinetics. Figure 4c shows a so called Cottrell plot of current density I times t ½ as a function of log(t), where t is time, 32 which displays significant departures from a pure diffusion-limited behavior (which would have yielded a horizontal line). Specifically, a secondary peak appears at a time that is much shorter than that for the main current peak discussed above. The sample degraded at 2-4 V also shows a very similar feature in Figure 4c . Montella 31 demonstrated that it is possible to determine an effective diffusion coefficient D eff from the (short-time) peak value in the Cottrell plot via
where L is film thickness, ΔQ is charge passed during the process after subtraction of the charge responsible for electrolyte degradation, and subscript p denotes the peak value for 
CONCLUSIONS
In summary, although intercalation and de-intercalation processes are complex in amorphous systems, it was possible to extract significant and detailed information for electrochromic amorphous WO 3 thin films through judiciously designed experiments. By combining electrochemical experiments with in situ optical monitoring we identified-in addition to the reversible diffusion sites-three different types of Li-ion traps which we denote "shallow", ASSOCIATED CONTENT Supporting Information. Data are given on (i) cyclic voltammetry at a very slow scan rate of 0.1 mV s -1 , (ii) X-ray diffractometry on as-deposited, colored, bleached and de-trapped films, (iii) current density vs. time during potentiostatic de-trapping for different periods of time, and (iv) charge capacity and in situ optical transmittance after various electrochemical operations, including galvanostratic de-trapping. All data were recorded on ~300-nm-thick WO 3 films.
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